The rapid diffusion of H in metals permits an easy segregation to the grain boundary and an easy trapping to the vacancy. H-induced intergranular embrittlement in metals such as Fe and Ni is generally a result of coalition of segregated H and other embrittling impurities at the grain boundary. Ab initio total energy calculations based on the density functional theory have shown that H alone can also weaken the cohesion across the grain boundary. The stronger binding of H with a free surface than with a grain boundary, which results in grain boundary embrittlement according to the Rice-Wang theory, can be ascribed to its monovalency. New tensile experiments point to a H-enhanced vacancy contribution to the increased susceptibility of steel to H embrittlement. Ab initio density functional calculations on the energetics of interstitial H, vacancy, and H-monovacancy complexes (VacHn) in bcc Fe have shown that the predominant complex under ambient condition of H pressure is VacH 2 , not VacH 6 as previously suggested by effective-medium theory calculations. The linear structure of VacH 2 clusters, a consequence of repulsion between negatively charged H atoms, facilitates the formation of linear and tabular vacancy clusters and such anisotropic clusters may lead to void or crack nucleation on the cleavage planes. On the other hand, the H-induced increase of vacancy cluster formation energy is a support of the experimentally observed enhancement of dislocation mobility in the presence of H, which, through the mechanism of H-enhanced localized plasticity, makes fracture easier.
Introduction
The recognition of H embrittlement in metals and alloys dates back to the nineteenth century. Yet, the atomic process of this macroscopic phenomenon remains elusive. Various mechanisms have been proposed for H embrittlement in the past. It is generally believed that H embrittlement can be induced by the precipitation of gaseous hydrogen, formation of hydrides, reduction of the cohesion across the grain boundary, and H-enhanced localized plasticity (HELP). 1, 2) But the relative importance of these mechanisms in a particular response of a specific material is very hard to evaluate. In this sense, our theoretical understanding of H embrittlement is still far from complete, despite the great efforts that have been taken.
Ab initio quantum-mechanical electronic band structure methods based on the density functional theory have become the most powerful computational tools in understanding a great variety of properties of solid. An inherent advantage of the ab initio electronic theory is that it is independent of any adjustable parameters, and so, numerical results provide a solid basis. However, a predictive ab initio simulation of the stress-induced evolution of extended defects in the presence and absence of H remains to be a formidable task even being equipped with the state-of-the-art calculation method and most powerful supercomputer, due to the huge number of atoms involved in such a process. The dialogue between experiments and ab initio calculations is often via thermodynamic, 3) continuum 4) or semidiscrete 5) models which make use of the energetics of static atomic configurations obtained from ab initio calculations as parameters.
In light of the Rice-Wang theory, 3) a thermodynamic model describing the metalloid-induced intergranular embrittlement through the competition between plastic crack blunting and brittle boundary separation, H-induced grain boundary embrittlement for Ni AE5 (210) In all the cases, the free energy of H was found to be lower at the free surface than at the grain boundary, suggesting that the fracture along the boundary occurred under stress will be facilitated by the presence of H. In an earlier ab initio work, Fu and Painter studied H embrittlement in FeAl 9) by comparing the cleavage energy in the presence and absence of absorbed interstitial H. The idea is essentially the same as that in the Rice-Wang model. Some other theorists addressed grain boundary embrittlement by examining only the grain boundary system with and without segregated H and explained H embrittlement by weakened bonding between host atoms. 10, 11) Another H embrittlement mechanism, HELP, 12, 13) attracts much attention recently. A number of experiments have evidenced that plasticity is a fundamental contributor to H embrittlement of virtually all susceptible metals and alloys. Lu et al. 14) have attempted to understand the HELP mechanism in Al by using the semi-discrete variational PeierlsNabarro model 5) which requires ab initio determined surface and elastic constants as parameters. In a separate work, they also calculated, from ab initio, the energetics of H in perfect crystal, at the (111) surface and stacking faults of Al. 15) As the authors acknowledged, these calculations provide theoretical evidence for the HELP mechanism but cannot bridge HELP with H embrittlement. To our knowledge, ab initio density functional theory computations on the energetics of H at dislocations in metals or alloys are still absent.
A new model for H embrittlement proposed by Nagumo or crack nucleation on the cleavage planes. Moreover, the H-induced decrease of vacancy formation energy is a strong support of the experimentally observed enhancement of dislocation mobility in the presence of H, which, through the HELP mechanism, facilitates the fracture of Fe or steel.
In the following, we will introduce some of our recent works 6, 8, 18, 19) related to H embrittlement, namely the decohesion of Ni AE5 (210)[001] and Fe AE3(111)[10 1 1] grain boundaries and the enhanced vacancy formation and clustering in Fe in the presence of hydrogen.
Decohesion at the Grain Boundary
Segregation of H to the grain boundary in Ni was observed by Fukushima and Birnbaum two decades ago, 21) and there is experimental evidence that H embrittlement in Ni could occur without segregation of any other impurities. 22) Shin and Meshii are the first to separate the effect of H from other elements on the intergranular embrittlement of Fe. 23) Their measurements showed that H alone, like in Ni, can also induce embrittlement. We have evaluated the binding energy of H at the AE5(210) tilt grain boundary in Ni and the clean Ni(210) surface, 6) and that at the Fe AE3(111) tilt grain boundary and the clean Fe(111) surface 8) using all-electron full-potential linearized augmented plane wave (FLAPW) method 24) within generalized gradient approximation in the framework of the density functional theory. Both the grain boundaries and the free surfaces were simulated by single slabs (see Fig. 1 ). The position of H and its neighboring host atoms were optimized according to the calculated atomic forces.
The calculated binding energy for H at the Ni AE5(210) grain boundary is 2.99 eV, and that at the Ni(210) free surface is 3.26 eV. This means that H is less stable at the grain boundary than at the free surface. According to the RiceWang theory, the potency of a segregation impurity in reducing the ''Griffith work'' of a brittle boundary separation is a linear function of the difference in binding energies for that impurity at the grain boundary and the free surface. Thus, our result indicates that H behaves as an embrittler at the Ni AE5(210) grain boundary, supporting the experimental observation. 22) Similar results have been obtained for the H-Fe systems.
8) The binding energy for H at the Fe AE3(111) grain boundary is 3.01 eV, and that at the Fe(111) free surface is 3.27 eV. So, by virtue of the Rice-Wang model, our ab initio computations confirm the experiment in which H enhances intergranular embrittlement in Fe.
In both cases, we have found that the H-metal bond is longer at the grain boundary than at the metal surface. The contraction is 0.008 nm for Ni and 0.015 nm for Fe. There is no volume expansion at the grain boundary upon H segregation. This is clear evidence that H is a bit too small to fill in the grain boundary hole. If we lift the H and the top surface layer slightly to realize the same H-Ni bond length as in the grain boundary environment, the binding energy of H at Ni(210) will decrease by 0.11 eV. Approximately, this change can be viewed as the contribution to the embrittling potency (0.27 eV) from volume misfit. [25] [26] [27] The change in HNi bonding from grain boundary to free surface can be illustrated by the valence-charge redistribution induced by H. Figure 2 displays the H-induced charge redistribution at Ni AE5(210) and Ni(210), where solid and dashed lines denote respectively charge accumulation and depletion. It is shown unambiguously that the H-Ni bond get strengthened from grain boundary to free surface. This is because H has only one valence electron and one H-Ni bond would saturate its bonding capability. The same feature has also been found in the case of Fe. 8) We have to point out that the simple tilt grain boundaries we have studied might not be a good representative of the real polycrystalline Ni and Fe. But this is obviously a solid first step toward a complete microscopic understanding of H embrittlement mechanism in metals and alloys.
H-vacancy Complexes in Iron
Investigations on vacancy properties in the presence of H, carried out lately at Fukai's group, have revealed several interesting phenomena. [28] [29] [30] Under high H pressure, remarkable volume contraction was observed first in Ni and Pd, 28) and later in several other metal systems.
29) These volume contractions are accounted for by H-induced superabundant vacancy formation. The copious formation of vacancies is also reported in bcc Fe. 30) Yet, an electronic level understanding of H-vacancy interaction in metals is still incomplete. Studies on the binding/trapping of H atoms to vacancies in Fe were initially carried out in relation to plasma-wall interaction in fusion reactors, 31) where the interested isotope of H is deuterium. Two trapping energies of H to a vacancy in bcc Fe were found in experiment and they were estimated to be 0.63 eV (assigned to VacH 1 and VacH 2 ) and 0.43 eV (assigned to VacH 3 -VacH 6 ). 32) Calculations based on effective-medium theory (EMT) 33) showed that the binding energy for VacH 1 and VacH 2 is about 0.8 eV and that for VacH 3 -VacH 6 is about 0.5 eV. 20) The agreement of the relative energies between experiment and theory looks fairly good and the EMT model has been generally accepted. 20) Unfortunately, however, the proposed predominance of VacH 6 makes the vacancy aggregation unfavorable. There is a well established picture of vacancy clustering in bcc Fe obtained from empirical potential analysis. 34) In this picture, the divacancy (vacancy-vacancy pair) along the h100i direction is energetically most stable. But if a cluster of VacH 6 is arranged in this way, the number of H trap sites will be reduced from six to five and the excess H will have to go out of the vacancy and occupy an interstitial site. This will inevitably increase the total energy of the system. As the stability of VacH n strongly affects the binding between vacancies, which in turn, influence the mechanical behavior such as H embrittlement, it should be determined with a high precision.
We have recently examined the stability and binding properties of vacancy-H complexes in bcc Fe using ab-initio calculations with plane wave basis set and a pseudopotential technique. 35) Generalized gradient approximation 36) was used for the exchange-correlation interaction, which is crucial to reproduce the stability of the bcc ferromagnetic states. 37) We employed a supercell consiting 54 lattice sites with periodic boundary condition. It is verified that this cell size makes spurious interaction between the vacancy and its periodic images sufficiently small.
Carrying out the optimization of Fe lattice and H positions according to the calculated forces, we first obtained the optimized structure for each VacH n complex with total energy eðnÞ. H atoms displace from the corresponding ideal octahedral sites to the nearby vacancy. Then, we computed the zero-point motion (ZPM) energy for each H using harmonic approximation by constructing potential energy surface for each H by total energy calculations with the optimized Fe lattice. The total energy of VacH n , EðnÞ, is written as EðnÞ ¼ eðnÞ þ nzðnÞ, with zðnÞ representing the averaged ZPM energy of H in VacH n . The total energy of interstitial H in bcc Fe, E I ¼ e I þ z I , was calculated with the same procedure. The n-th H trapping energy E trap ðnÞ is defined as E trap ðnÞ ¼ EðnÞ À ðEðn À 1Þ þ E I Þ. Since the calculated zðnÞ is about 0.14 eV for all n and z I ¼ 0:2 eV, the n dependence of ZPM energy is cancelled out and the trapping energy is simplified as E trap ðnÞ ¼ eðnÞ À eðn À 1Þ þ e I À 0:06 eV.
We show in Fig. 3 the calculated trapping energy E trap ðnÞ with the EMT and experimental results for comparison. 32) Our trapping energies are in much better agreement with experiment even in terms of absolute value. E trap (1) and E trap (2) coincide with the 0.63 eV peak, while the 0.43 eV can be attributed to the H trapping for VacH 3 . This agreement implies that the accuracy of our calculations is enough for the present discussion, although the entropy effects are neglected. Here we point out that the VacH 6 has a vanishing trapping energy. Thus interstitial H does not prefer going into VacH 5 , which may lead to a different story for the binding of VacH n complexes.
To discuss the H stability under thermal equilibrium, it is meaningful to make a comparison with H 2 gas outside. By computing the energy difference between the interstitial H in bcc Fe and H atom outside plus ideal bulk Fe and assuming the experimental binding energy of H 2 molecule in vacuum, we obtained the heat of solution for interstitial H in bcc Fe as 0.32 eV (shown in Fig. 3) . Obviously, the H trapping into Vac and VacH 1 to form VacH 1 and VacH 2 is energetically more favorable than the H escape to the outside, suggesting that the vacancy can easily trap up to two H atoms. The E trap (3), on the other hand, is comparable to the energy of H 2 gas, so that the population of VacH 3 is likely to be small. Taking the numerical error in the H 2 energy into consideration, we conclude that the VacH 2 is the major H-vacancy complex at ambient condition and the amount of VacH 3 will increase with H pressure. This picture explains the experimental observation 31, 32) well and get rid of the discordance between VacH 6 and h100i divacancy.
As in the vicinity of a grain boundary in Fe, 8) we have found H gains electrons from neighboring Fe atoms and the resultant repulsive interaction between negatively charge H atoms renders a linear, CO 2 -like structure for VacH 2 . To examine the effect of H on the vacancy clustering, we computed the vacancy pairing energy with (VacH 2 -VacH 2 ) and without (Vac-Vac) trapped H atoms. Considering the pairing along h100i and h111i directions, we found that the Vac-Vac pairing prefers h100i direction (0.15 eV) to h111i direction (0.08 eV), consistent with previous calculations. 34, 38) The VacH 2 -VacH 2 strongly prefers, on the contrary, h111i direction (0.18 eV) to h100i direction (À0:06 eV) due to the aforementioned H-H repulsion. Examination of the local lattice relaxation showed that Vac 2 h100i pair has a larger relaxation than the h111i pair, suggesting that a cluster allowing larger lattice relaxation is energetically more favorable. If this is true, in the absence of H, a vacancy cluster is expected to be compact with a 3-dimension extension. On the contrary, lattice relaxation associated with the VacH 2 is less significant, as is readily understood from the volume cancellation by the H atoms and the vacancies. In view of the repellent interaction between negatively charged H atoms, it is suggested that linear structures in the h111i direction or planar on the {110} or {100} are energetically favorable for the cluster of Hvacancy complexes. 18) Note that this speculation is made based only on the energetics, and needs to be verified with more complete investigation involving entropy effects as well as larger-size calculations.
Although the increase of the binding energy between vacancies in the presence of H, by 0.03 eV, is not significant, the change in the directional preference for vacancy clustering has important implications in understanding the microscopic mechanism of H embrittlement in Fe-rich materials. It is very natural to relate the H-induced anisotropy in vacancy clustering with the observed anisotropy in some fracture experiments. 39, 40) Since h111i is the slip direction in bcc metals, vacancy rows along this direction may promote dislocation motions, which is likely to contribute to the fracture along slip planes. In addition, the {100} planar clusters can lead to the void formation or crack nucleation on these cleavage planes in bcc Fe, in consistence with the observed fracture on these planes.
40)

Summary
State-of-the-art ab initio total energy calculations based on the density functional theory, powered by the high-performance supercomputers, are making it possible to understand H embrittlement in metals on the electronic level. The binding energies of H with the grain boundary and the free surface used to examine the cohesion change across the grain boundary, which can be connected to H embrittlement by virtue of the Rice-Wang theory, can now be evaluated with a high precision. And with accurate energy and structure determinations, we are able to separate the effect of atomic volume from H-metal bonding and recognize that the monovalency makes H prefer a low-coordination free surface environment. As for the H-promoted vacancy activity, VacH 2 , instead of previously proposed VacH 6 , has been found to be the predominant H-vacancy complexes in bcc Fe. Charge transfer from Fe to H induces a repulsive interaction between negatively charged H atoms, which renders not only a linear structure for VacH 2 , but also presumably a linear or planar structure for the vacancy clusters. The discovery of Hinduced anisotropy in vacancy clusters, which promotes the dislocation mobility, offers a microscopic understanding of the H embrittlement through the HELP mechanism. 
